The development of new medicines against virus infections like the Marburg virus disease requires an accurate knowledge of the respective pathogens. Conventionally, this process is very time expensive. In cooperation with the Virology of the Philipps-University in Marburg an automatic tracking algorithm for subviral particles in fluorescence image sequences was developed and programmed. To expand the benefit for the pharmaceutical researchers, also the trackevaluations need to be widely automated. In this work, a new parameterizing-method facing the fractal dimensions of spline interpolated subviral particle tracks is presented and tested with simulated and real data. The results reveal a good potential to classify tracks and, thus, types of subviral particles in infected cells.
Introduction
Currently, the Institute for Virology, Philipps-University Marburg, researches for agents against hemorrhagic fever pathogens, like the Marburg and the Ebola virus. As to assume, this is a highly challenging and time consuming task, as a big amount of samples needs to be prepared, observed and evaluated. Previously, a new method for subviral particle imaging was presented by Schudt et al. [1] . The method is based on fluorescence microscopy imaging of infected cells. Special flat cells are used, so that the degree of freedom of the particles' movements is reduced to an approximately twodimensional system. The sampling rate of the imaging system was chosen by the pharmaceutical researchers to obtain all important movement information of the subviral particles. Combined with the also previously presented Kienzle-and LAPKalman-algorithms, by Kienzle et al. [2] and Rausch et al. [3] , the observation process could be widely automated and thus, dramatically accelerated. Figure 1 shows an exemplary real infected cell, containing tracked subviral particles. As Figure 1 implies, subviral particles describe highly varying trajectories, suspected to hold information about their inner biological condition. As a fairly direct consequence of the tracking algorithm amount, distribution, length, travel direction and speed of the particle tracks are achieved and can be used for statistical analyses. But furthermore, the tracks are likely to hold also more "hidden" information about the subviral particles' behaviors. The fractal dimensions of subviral particle tracks are suspected to reveal information about the complexity of their trajectories. Thus, a new fractal dimension determination based method to analyze movement characteristics will be introduced in this work's Methods section. The article shows the feasibility of the introduced methods in the Results section. Eventually, a good potential to assist pharmaceutical researchers in their evaluation process can revealed. The article ends with a discussion and conclusion.
Methods
The automated tracking by the previously presented Kienzle- [2] and LAP-Kalman-algorithms [3] provides a good basis for the analysis of subviral particles in fluoroscence image sequences. As recent investigations showed, the tracks match or even excel the trajectories, manually evaluated by experts at the Institute for Virology, Philipps-University, Marburg [4] . The next step to assist the research for new medicines by automation is to develop and establish methods to classify the detected tracks. As the high amount of image sequences each contain up to many thousand tracks, effective measures need to be defined in order to enable a fast evaluation. Optimally, the particular trajectory's pattern type can be expressed within a single number, such as e.g.: zero for a simple directed and one for a chaotic movement. Previously, a new characterizationmethod, basing on curvature determination was successfully introduced [5] . In this section a further measure is introduced. In the following, the method and the data used are described.
Fractal Dimensions
Fractals are mathematical models, described by Mandelbrot [6] . The significant characteristic of a fractal is its selfsimilarity; meaning that the model's global appearance continually repeats in the smaller components of itself. A classical example is the Koch curve, shown in Figure 2 . Fractal geometries also occur in nature, like in snowflakes and fern-or broccoli-plants. In contrast to ideal mathematical models, the self-similarity of natural fractals is not present in unlimited fineness. Also a Koch curve typically is only created with a certain grade of detail, determined by the number of modelling iterations (or grades). In general, natural fractals can be found in both, two-and three-dimensional appearances. A typical problem, regarding fractals, is to determine their circumference or surface, respectively. In the example of the length determination of coasts [7] , starting from a far view distance, it looks like its length can be easily found. By approaching it more and more small bays occur, raising the absolute length of it. By approaching even more, even small sand grains need to be considered. To approach this problem, the fractal dimension of an object can be defined. The fractal dimension of a structure or path in a plane is always located between 1 (a straight line) and 2 (a completely filled out plane).
Consequently, projected to subviral particle motion a linear and a chaotic trajectory have dimensions one and two, respectively. There are several ways to determine fractal dimensions [8] . In this work, the fractal dimension of subviral particle tracks shall be determined using the Boxcount-method, as it is easy and fast to implement as iterative method: A grid with defined edge length of its boxes is laid onto the region of a track. While stepwise shrinking , the amount of boxes , passed by the track, is counted in each iteration. Therewith, the fractal dimension is defined as:
In Figure 3 an exemplary boxcount grid for one edge length and a double logarithmic graph of the determined ( ) to 1 is
shown for the Koch curve of 12 th grade. In Figure 3b a linear increase of ( ) is visible. With a linear regression of the determined values, the slope and thus, the fractal dimension of the Koch curve is calculated. In this case a dimension of ≈ 1, 30 was determined, which deviates about 3% from the literature ( ≈ 1, 26) . The accuracy fundamentally depends on the number of iterations of decreasing . The fineness of the box-grid is limited by the computational effort, increasing quadratically with 1 . The smallest iteratively aimed depends on the extend of the finest trajectories' structures, that shall be resolved. For our purposes six iterations and a starting edge length of 10 pixels turned out to be a good compromise between computational speed and accuracy.
Spline Interpolation
To apply the box count method on tracking data, the tracks need to be present as continuous curves. In our case, the tracking algorithm provides a list of coordinates for each moment of appearance of a track. Thus, we have a spatio-temporal representation of the subviral particle movement. Even if the sampling frequency is high enough to extract all information about the subviral particle, the box count methods relies on track data with point-to-point-distance much smaller than the smallest aimed edge length . Otherwise, "dimensional jumps" can occur (see Figure 4a and b). Thus, spatial sampling must be done carefully.
To ensure these requirements are fulfilled, we suggest to apply an interpolation to the tracks. We chose a cubic spline interpolation, as it is two times continuously differentiable and thus is able to represent a physical motion with no jumps in position, velocity and acceleration. Additionally, a stepwise interpolation, as spline interpolation, is less sensitive to instationarities compared to a global interpolation method, which matches the observation that subviral particles have highly non-stationary motion patterns.
Simulated and Real Data
To proof the feasibility and accuracy of the new measures, they are initially tested on simulated data. The Koch curve of 12 th grade serves as reference with known fractal dimension. Furthermore, tracks of a real fluorescence image sequence, kindly provided by the Institute for Virology, Philipps-University, Marburg, are analyzed. Three tracks, found by the Kienzleand LAP-Kalman-algorithms, showing significantly different shapes are evaluated for their fractal dimensions. The three tracks are shown in Figure 5 .
Results
In this section the results of the fractal dimension determination are shown. First the results regarding the simulated data are described to show the theoretical potential of the new method.
Simulations
The average distance between the tracked coordinates of the subviral particles in our fluorescence image sequences is about 0.5 pixels. To verify if this is enough and to find the minimum required sampling frequency for our analyses, the Koch curve was sampled down in defined steps. Each grade of accuracy was spline interpolated followed by the determination of its fractal dimension. The resulting fractal dimensions in dependence of the set sampling distances are shown in Table 1 and are compared to the boxcounted Koch curve of 12 th grade, as this represents the best result with our algorithm. Also the fractal dimension of the mathematical exact Koch curve is listed. 
Real Data
In Figure 5 three real subviral particle tracks with fundamentally different motion patterns are depicted. With the described method the fractal dimensions were determined. Table 2 lists the fractal dimensions of the three tracks. Based on these fractal dimensions a classification for subviral particle tracks in a cell was created. A visualization of the classified tracks is showed in Figure 6 . Figure 1 is shown. The subviral particle tracks are color-coded. Red: high fractal dimension (chaotic movement), yellow: moderate fractal dimension (moderate movement), green: low fractal dimension (quite directed movement). Figure 6 shows the result for fractal dimension analysis of the cell shown in Figure 1 . The color code of the tracks is related to their fractal dimension: green, yellow and red for low, moderate and high fractal dimensions, respectively.
Discussion and Conclusions
In this work a new method to classify the motion patterns of subviral particles was introduced. The fractal dimension serves as measure for the grade of directional motion. A cubic spline interpolation ensures that the fractal dimensions of the tracks can be determined with appropriate quality. The new method was tested on simulated as well as on real data. The found fractal dimensions (Table 2 ) of the three observed subviral particle tracks from Figure 6 reflect the expected results: directed motion patterns show a lower fractal dimension than chaotic ones. Based on this knowledge, the subviral particle tracks of a real Marburg virus-infected cell were classified. Using three classes (low, moderate, and high fractal dimension) the tracks in Figure 6 were color-coded. The new automated classification allows a fast assessment of the processed sequences by pharmaceutical researchers. In future work we want to include time in order to get rid of track crossings often present in maximum value projections. In addition, more simulated and real data will be processed to verify our approach.
